Introduction
Livestock manure has been pointed out as one of the most important agricultural sources of environmental pollution. Manure is rich in valuable nutrients for plant growth such as nitrogen and phosphorus, which makes its use as a crop fertilizer and soil amendment a common practice in many countries. However, a large part of these nutrients are susceptible to loss to the environment through leaching, run-off or volatilization [1] . Due to the large contribution of manure to ammonia, greenhouse gas emissions and water pollution, concerns about its management have increased, and many regions in Europe that have an intensive livestock production, are struggling to find solutions in order to comply with the disposal limits stipulated in environmental legislation (91/676/EEC) [2] .
Anaerobic digestion is one of the most attractive solutions for manure management, as it provides stabilization of nutrients as well as reduction of gas and odor emission. Moreover, the naturally produced methane is captured and can be used in the form of biogas as an alternative energy source. Financially the digestion of solely manure is however, a non-feasible process due to its low content in easily digestible organic matter [3] . This is because the easily digestible part of the animal feed has already been utilized in the animal digestion; thus manure contains a recalcitrant lignocellulosic concentrated part [4] mixed with washing water and other lignocellulosic biomasses, such as straw, that are used for bedding materials [5] . Consequently, manure-based biogas plants are forced to search for easily digestible organic materials, such as food waste, to be used for co-digesting with manure to ensure a cost-efficient process. Unfortunately, as the demand for these extra materials increases, their availability remains very limited, presenting biogas plants with a new problem [3] .
As an alternative to co-digesting, pretreating the solid fraction (fibers) of manure could present a solution to its recalcitrant nature and enhance the methane yield when it is digested. Different manure separation techniques have been proposed [6] , and several biogas plants are already equipped with a decanter centrifuge for this purpose [7] . The separation of the two fractions (liquid and solid) makes it possible to increase the final dry matter content of the material to digest, leading this way to an even higher biogas production per mass unit [8] . Various researchers have used different approaches for pretreating manure fibers in order to make them more easily degradable and increase the methane yield. According to a recent survey [9] , aqueous ammonia soaking (AAS) has achieved the highest increase of methane yield of manure fibers, both of raw (separated from manure) and digested (separated from the effluent after a first digestion).
Ammonia has been used in the past for increasing the digestibility of straw for ruminants feeding [10] , and only recently it has been used for improving the biofuels production. AAS is a very simple pretreatment that has so far been tested on some lignocellulosic biomasses for increasing ethanol production, and has recently captured the interest of researchers for biogas production. Apart from manure fibers, other biomasses that have been tested for this purpose include switchgrass [11] , wheat straw [12] [13] [14] , corn straw [15] , rice straw [16] miscanthus and willow [13] . During the AAS pretreatment, the biomass in question is mixed with a water solution of ammonia and left over a certain period of time at mild temperatures (less than 90°C). Subsequently, the ammonia is removed and the biomass can be used for digestion.
Despite the efficiency of AAS on increasing the methane yield of manure fibers, a significant variation of the performance of AAS under the conditions tested up to now has been observed. Jurado et al. [17] have performed AAS of digested manure fibers under different levels of temperature and duration achieving an increase of methane yield between 30 and 80 %. Further experiments with lower ammonia concentrations led to a higher increase of methane yield (up to 205 %) [9] . Batch experiments for the determination of the methane potential of AAS-pretreated raw manure fibers showed that AAS pretreatment increased the methane yield by 178 % compared to non-pretreated fibers [17] . These results clearly show that AAS has a great potential for increasing the methane yield of manure fibers. Still, optimization of the most important parameters of AAS affecting the methane yield is necessary.
AMMONOX is a research project that aims to increase the efficiency of manure-based biogas production under an integrated process. The idea consists of an optimized ammonia treatment of manure fibers (or of other lignocellulosic biomasses) in combination with a successful ammonia recovery step (Fig. 1) . As illustrated in Fig. 1 , the manure fibers are first treated with a solution of aqueous ammonia under the conditions found to be optimal. Afterwards, the pretreatment mixture passes through a second process (Fig. 1) where the ammonia is removed until reaching a concentration low enough to avoid inhibition of the biological processes. After this step, the pretreated fibers are inserted to the digestion tank together with raw manure. The removal of ammonia is a relatively easy process due to its high volatility, thus providing an extra advantage of this pretreatment. This allows recovering ammonia and recycling it for fulfilling the chemical requirements of AAS, resulting in no extra consumption of chemicals. Additionally, as shown in Fig. 1 , an excess of ammonia could be produced when the ammonia removal step includes both AAS-treated fibers and effluent from the anaerobic digestion step. This excess of ammonia can be used for the catalytic reduction of the NO x produced, when the biogas is used for electricity generation by gas engines [18] . This is a commercially available technology and the ammonia required can be either in a gaseous form or in an aqueous solution [19] .
High concentrations of ammonia are known to be inhibitory for the anaerobic digestion process, affecting mostly the methanogenesis step [20] . Thus after the AAS pretreatment, an ammonia removal step is essential for ensuring a stable process. Furthermore, the recovery of ammonia is of high importance for reducing the cost of the process as the ammonia can be recycled. Swine manure is often rich in ammonia, and during the anaerobic digestion process, degradation of proteins also takes place resulting to an increased ammonia concentration in the effluent. Some biogas plants are already equipped with ammonia-stripping technologies either for treating raw manure or for the post-treatment of the digestate prior to final disposal [7] . Nevertheless, the adequacy of ammonia-stripping of streams with such high ammonia concentrations as used in the AAS treatment has not been investigated yet. Moreover, the recovery of ammonia by stripping technology is achieved by means of acids, resulting to ammonium salts as final products. Therefore, modifications of stripping technology as well as additional methods should be considered for an efficient recovery of pure ammonia.
In summary, the three objectives of AMMONOX are:
• The optimization of the most important parameters of AAS affecting the methane yield of manure fibers, and of other lignocellulosic biomasses, for an enhanced manure-based biogas production, • The identification and application of a successful ammonia removal technology that will permit to recycle the ammonia needed for AAS, and • The use of the excess of ammonia recovered for the catalytic reduction of NO x .
The focus of this study lays on the first objective of the AMMONOX process, which is considered to be crucial for identifying the adequate ammonia recovery technology and assessing the surplus of ammonia produced for the NO x reduction. In order to develop a process for optimizing the AAS treatment in terms of maximum methane yield, some preliminary analyses were conducted and the results are presented in this study. A data exploration method was used for uncovering the possibly hidden information from the experimental data obtained so far, during studies of the effect that different conditions of AAS treatment of digested manure fibers had on methane yield.
Materials and Methods

Data Set
All the experimental data used in this analysis originate from research at Aalborg University and are published in Jurado et al. [17] and Mirtsou-Xanthopoulou et al. [9] . The data consist of CH 4 yields of digested swine manure fibers pretreated with AAS under two different temperatures (22 and 55°C), three different pretreatment durations (1, 3 and 5 days) and six different NH 3 concentrations of the reagent (5, 10, 15, 20, 25 and 32 % w/w). All pretreatment mixtures were further used for experiments after a distillation step where the NH 3 concentration was reduced to belowinhibition levels [9] . Two data sets were formed for the data exploration analysis, both originating from the same experiments. The first data set, presented in Table 1 , concerned ultimate CH 4 yields (CH 4 yield when no further gas production was detected, usually more than 30 days) of biochemical methane potential (BMP) tests; and the second data set concerned the CH 4 yields after approximately 18 days from the same experiments. The purpose of analyzing the two different data sets was to assess the effect of the AAS parameters on the short term CH 4 yield and on the ultimate CH 4 yield. Both data matrixes were constructed by 54 rows, corresponding to the total amount of experiments (including triplicates), and 4 columns, corresponding to the pretreatment variables (temperature, duration and NH 3 concentration of the reagent) and to the CH 4 yield obtained under these conditions.
Principal Component Analysis
Principal component analysis (PCA) was used for data exploration purposes and for identifying tendencies of the CH 4 yield based on the different levels of the pretreatment variables. The software used for this purpose was The 
Results and Discussion
During the last years, different pretreatments have been tested on manure fibers (both raw and digested), for increasing the biogas or methane yield of manure-based anaerobic digestion systems. Hartmann et al. [21] tested the mechanical maceration of manure and found a 25 % increase on biogas production while the resulted increase was insignificant when only raw manure fibers were treated. Raphique et al. [22] tested a thermal, a thermochemical and a chemical [with Ca(OH) 2 )] pretreatment of raw manure fibers and reported a 28 %, a 72 % and a negative increase of CH 4 yield respectively. In another study, thermal steam explosion was tested on raw manure fibers and resulted in a 50 % increase of CH 4 yield [23] . While the highest increase of CH 4 yield achieved up to now from pretreated raw manure fibers is 178 % by AAS [17] , pretreating digested manure fibers has proved to be more efficient. Angelidaki and Ahring [24] reported a 17 % increase of biogas potential from digested manure fibers treated by mechanical maceration, and a 30 % increase when treated with a biological treatment. Bruni et al. [25, 26] investigated the effects of a mechanical, a chemical, a thermal and an enzymatic pretreatment of digested manure fibers and found that the most significant CH 4 increase was generated by steam treatment with H 2 SO 4 (67 % increase) and treatment with CaO (66 % increase). Finally, wet explosion of digested manure fibers resulted in a 136 % increase of CH 4 yield [27] . In comparison to the results obtained so far from these pretreatments, AAS of digested manure fibers has achieved an increase of CH 4 yield up to 205 % (265 % at 17 days of digestion) when compared to nontreated fibers [9] . In order to identify the important factors that affected the performance of AAS on digested manure fibers, a statistical tool was used for analyzing the results obtained up to now.
PCA is an exploratory data analysis method aiming at separating the important information hidden in one data matrix from the noise [28] . In PCA, a new orthogonal axissystem is defined in a way that each principal component (PC) represents an axis, along which, the maximum variation within the data is described. The first PC (PC1) is defined by the maximum variance direction (axis) of the data set; the second PC (PC2) is orthogonal to PC1 modeling the second maximum variance direction, and so on. The transformed data, scores, can be plotted in the new PC space (score plot). Interpretation of the variance modeled by each PC allows statements as to the reasons why the data are distributed as revealed in the score space, and is assessed by the loadings relationships (loadings plot), in which the contribution of the initial variables on the construction of PCs can be assessed. This way the hidden data structure, e.g. groupings, clusters, trends between objects (score relationships) and the correlation of variables responsible (loading relationships) is revealed.
PCA was conducted for exploring the effects of temperature, duration and NH 3 concentration of the AAS pretreatment of digested manure fibers on CH 4 yield as resulted from batch tests. The first data set concerns ultimate CH 4 yields obtained from BMP tests under different conditions of AAS as described earlier. In Fig. 2 the scores plot of the first data set is shown. The correspondence of the names of the samples to the conditions of the AAS pretreatment is given in Table 1 . In Fig. 3 the loadings plot is presented where the correlation of the different variables can be viewed and from where assistance can be provided for the interpretation of the scores plot.
As revealed from the loadings plot (Fig. 3) , the first PC explains 50 % of the total data variance and models three of the variables (CH 4 yield, temperature, and NH 3 concentration) while the second PC models an additional 25 % of the variance, expressing only one variable, the duration of the AAS. As observed in the loadings plot (Fig. 3) , CH 4 a Data graphically presented in Jurado et al. [17] and Mirtsou-Xanthopoulou et al. [9] Waste Biomass Valor (2015) 6:449-457 453 yield seems to be strongly, negatively correlated to both temperature and NH 3 concentration. On the other hand, the duration of the pretreatment seems not to be correlated to the CH 4 yield, as duration varies along PC2 and not along PC1. This can also be concluded from the scores plot in Fig. 2 . PC2 clearly separates the batches according to duration; along this PC (from negative to positive values) the duration increases from 1 to 5 days, forming three horizontal groupings. On the other hand PC1 separates samples according to temperature of the pretreatment, high temperature (55°C) samples are situated on the extreme left, and according to NH 3 concentration, samples from the left to the right generally present a decreasing NH 3 concentration. Based on the position of CH 4 yield on the loadings plot illustrated in Fig. 3 , the highest CH 4 yields correspond to the samples on the right of the scores plot. These samples were all treated at room temperature (22°C) and at all different durations (1, 3 and 5 days). Regarding the NH 3 concentration with which these samples were treated, although the general trend is that the concentration decreases along PC1, the different levels within the group of samples on the right of the plot are difficult to distinguish (Fig. 2) . This might be due to the fact that not all different concentration levels were tested on all different temperature and duration combinations due to logistical constrains; this data set may therefore not have been optimal for describing all main as well as interacting effects between concentration and the rest of variables. On the contrary it is safe to conclude that the highest level of concentration has the lowest effect on increasing CH 4 yield as all samples treated with 32 % w/w NH 3 (aq.) are situated on the left of the scores plot. PCA of the second data set (CH 4 yield at ca. 18 days) has shown the same correlations (results not shown), which means that the influence of these factors on CH 4 yield at the ranges tested, does not change over the duration of digestion. Few studies have been conducted assessing the performance of AAS on lignocellulosic biomasses under different conditions. Regarding the importance of NH 3 concentration used for the pretreatment, literature seems to be ambiguous. Li et al. [14] have tested AAS on wheat straw under 0-30.8 % w/v NH 3 (aq.) and found that the CH 4 yield increased when the NH 3 concentration increased up to 18 % but not when it was further increased. Song et al. [15, 16] reported that increasing the ammonia concentration from 1 to 4 % w/w and up to 10 % w/w led to an enhanced CH 4 yield from pretreated rice straw and corn straw respectively. On the other hand, Ko et al. [29] mentioned no significant effect on enzymatic digestibility of pretreated rice straw when increasing the NH 3 concentration from 12 to 28 % w/w, and actually reported a decrease of digestibility when the highest NH 3 concentration was applied. Other studies have shown a very slight increase of digestibility of the treated biomass or of CH 4 yield when the concentration was increased [12, 30, 31] . The importance of the NH 3 concentration of the pretreatment might be attributed to the different pH along the different concentrations of NH 3 (aq.) solutions, as these two factors are strongly correlated. According to this and to the conclusions derived from this PCA, the concentration of NH 3 used for the pretreatment seems to be an important though not a decisive factor on the success of AAS, except when concentration of NH 3 is very high resulting to a negative effect.
In agreement to this survey, Li et al. [14] found the temperature of the pretreatment to be very influencing on the CH 4 yield. They mention a positive correlation between these two variables, attributing this observation to a higher degree of delignification. In general, an increase of temperature has been linked to a higher lignin removal, which is often associated to a higher digestibility of lignocellulosic materials. A strong correlation between digestibility and lignin removal has been observed in more studies [29, 32] . Nonetheless, studies on compositional changes of manure fibers revealed that no apparent lignin removal had taken place after the AAS pretreatment [33] . The authors suggest that the increased CH 4 yield is probably a result of the increased exposure of cellulose, resulted from the swelling that AAS caused. This theory is in accordance with previous works stating that ammonia treatment causes a ''fiber expansion'' that facilitates the enzymatic hydrolysis of lignocellulosic biomasses [34] . Moreover, it has been reported that enhanced methane yield could result from very small changes on lignin matter rather than only when delignification takes place [14] .
The different observations on the effect of ammonia on lignocellulosic structures might be attributed to the different solid-to-liquid (S:L) ratios used for the pretreatment. In the case of pretreated manure fibers the S:L ratio was ca.1:3, [1 g material: 2.8 ml NH 3 (aq.) if considering that the treatment was performed with 10 ml NH 3 (aq.) per 1 g TS and the TS content of digested fibers was ca. 28 %] [9, 17] . This ratio is much higher than the ratios of 1:6 and 1:10 that are usually used for other biomasses [14, 32, 34] . The S:L ratio has been pointed out as a very influencing factor for NH 3 pretreatment of lignocellulosic biomasses [35] and previous studies have shown that a decrease of the S:L ratio causes an increase of delignification and of enzymatic digestibility. Yoo et al. [31] studied the effect of three different S:L ratios of AAS on barley straw (i.e. 1:3, 1:6 and 1:10) and found that a decrease of the S:L ratio resulted to higher delignification and higher enzymatic digestibility. Similar results were obtained on a study of AAS on corn stover at S:L ratios from 1:2 to 1:10 [30] . In conclusion, AAS at high S:L ratios may affect lignocellulosic biomasses mainly by a different mechanism (swelling) than removing the lignin and this might be the reason why increasing temperature did not cause an increase of the CH 4 yield from pretreated manure fibers. For a deeper understanding of the nature of the AAS pretreatment, it is essential to test this hypothesis in further investigations.
Finally, some studies have reported the duration of AAS to be important in terms of enzymatic digestibility of lignocellulosic biomasses. Kim and Lee [30] and Yoo et al. [31] tested different durations of AAS on corn stover and barley straw respectively and both groups concluded that increasing the duration had a positive effect only up to 12 h, and then remained stable. Although in both cases the rest of the variables were fixed at constant values, strong interaction effects exist between duration and the two variables (which agrees with Chandel et al. [36] ), with the interaction of duration and concentration to be the most important. In all these studies, the effect of pretreatment duration was examined only at high temperatures (over 50°C) and high NH 3 concentrations (15-28 %) and in contrast to the data set examined at the present study, the ranges tested included also lower durations (down to 6 h). This indicates that reducing the pretreatment duration to a few hours might increase considerably the importance of this factor.
Interactions between the AAS parameters have been mentioned in more studies, and given the nature of the variables it is well expected that correlations exist. Low temperature is expected to increase the importance of duration and vice versa [34] . Nevertheless, AAS on different lignocellulosic biomasses seems to act with a different mechanism and conclusions on linear interactions between Waste Biomass Valor (2015) 6:449-457 455 the variables are probably precipitous. For instance, low temperature (up to 55°C) of AAS on manure fibers did not result to a higher importance of the duration of the pretreatment as discussed earlier. This might be due to a parallel interaction with the NH 3 concentration of the pretreatment or more likely with the S:L ratio. Additionally, it has to be taken into account that the composition of manure fibers is considerably different from the composition of the different straws that have been tested up to know, mainly due to their much higher moisture content (usually around 70 %). Thus, it could be hypothesized that the duration of the pretreatment may become important if the test range widens up to higher values. However, very high durations might not be of interest for industrial applications as they are not economically favorable. The selection of the ranges within the variables that will be optimized should be chosen very carefully and after taking into consideration all possible limitations derived from a full scale application. Given the uncertainty of the mechanism of AAS under the whole range of each variable, and the complexity of a multivariable system, a suitable experimental design is necessary in order to conclude on the possible interactions between the pretreatment variables affecting the CH 4 yield of pretreated manure fibers. There appear to be four most influential factors, i.e. temperature, NH 3 concentration, AAS duration and the S:L ratio. Instead of standard experimental design which requires a substantial total number of runs if all possible interactions shall be covered (three levels, four factors), an alternative design that will allow outlining the full impact of all potential interactions would be more appropriate, i.e. a so-called random design, as outlined in [28] . This design facilitates yield modeling using partial least squares regression based on a reduced number of runs, sacrificing formal ANOVA significance evaluation for direct interaction-and-main effects influences as revealed in pertinent loading-weights relationships. Based on this first foray, final optimization is based only on the most influential factors and the interactions revealed; an efficient two-stage optimization.
Conclusions
AAS has been recently proved to be a pretreatment of great potential for increasing CH 4 yield of manure fibers. The AAS pretreatment of manure fibers coupled with a successful NH 3 recovery step could lead to a more sustainable biogas production allowing biogas plants to operate solely on manure. Furthermore, integration of the digester effluent to the NH 3 recovery step could produce an excess of NH 3 to be used for the reduction of NO x , providing this way a more environmental friendly operation of gas engines when the biogas produced is used for electricity generation.
In this study, the performance of AAS as a pretreatment of digested manure fibers under different conditions was explored in terms of maximum CH 4 yield, based on previous experiments. PCA revealed that within the ranges of pretreatments and combinations tested, temperature and NH 3 concentration have more influence on CH 4 yield, while the duration of AAS is less important. Optimization of AAS of manure fibers must be conducted for guaranteeing maximum performance, and the effect of lower values of NH 3 concentration and duration should be included in the investigation. The most important factors of AAS that seem to affect the performance of the pretreatment and should be optimized are temperature, NH 3 concentration, duration and S:L ratio. It will be necessary to establish an experimental design that will allow a full impact also from interactions between these four factors, i.e. a so-called random design.
